A technique is described for the determination of the rate of uptake of glucose by the excised rat diaphragm preparation at intervals as short as 20 seconds. The rate is estimated from the fall in glucose concentration which occurs when a suitable medium flows over the muscle at constant rate. When insulin is added to the perfusion fluid, the rate of glucose uptake rises to a value about 50 per cent higher than that established before the introduction of insulin. Under the conditions described the change in uptake rate requires about 10 to 12 minutes to reach completion, being three-quarters complete in about 7 minutes. Although the major part of this delay must be ascribed to the time required for the washing out of insulin-free medium from the apparatus, and for the diffusion of insulin into the interstitial space, it is suggested that some of the delay may be due to processes occurring between the arrival of insulin at the fibre surface and the exertion of its characteristic effect on glucose uptake, although neither the time-course nor the nature of this induction phase is established.
as short as 1 to 2 minutes (Stadie, Haugaard, Marsh, and Hills, 1949) and, indeed, it has been affirmed that the effect of insulin on muscle is "immediate" (Krahl, 1957) or "essentially instantaneous" (Stadie, 1958) . However, there appears to be no direct experimental information about the time-course of the response of the isolated diaphragm either to the addition of insulin or to any of the other changes in environment such as anaerobiosis (Randle, 1956) which may accelerate the utilization of glucose by this system.
The point is one of some theoretical importance, for if one of the primary actions of insulin is the distortion of some component of the muscle-cell membrane, it is possible that the "fixation of insulin" and the "mode of action of insulin" are simply alternative expressions semantically related to a single phenomenon. In this case the effect of insulin would be truly "instantaneous." On the other hand, if there is a time lapse between the arrival of insulin at its site of action and the full development of its effect on the rate of uptake of glucose, then the events occurring during this lag period will be important to a full understanding of the mechanism of the effect.
The method in fact appears to be less well suited for an exact determination of the kinetics of the effect of insulin than had been hoped but as will be seen, it does permit the suggestion of certain upper and lower limits for the duration of an induction phase in the effect of insulin on glucose uptake by the diaphragm preparation.
The Flow-Metabolimaer 1. Technique.--The apparatus used is shown schematically in Fig. 1 . The perfusion fluid is contained in a 2.0 ml. tuberculin syringe, the plunger of which is impelled by an accurately cut steel screw driven through a variable torque convertor ("ZeroMax," Revco, Inc., Minneapolis) by a 1725 a.P.M., 1~ h.p. synchronous motor. The contents of the syringe may be changed through the refill tap, a process which takes about 20 seconds. The muscle chamber is shown in more detail in Fig. 2 . One of the principal problems in the use of this method is to ensure an even distribution of the perfusion fluid to all parts of the muscle sheet without the formation of preferred channels of flow and stagnant areas. Various techniques for achieving this end were tried, none of them being completely successful, as judged by visual inspection after the introduction of Evans' blue into the medium. The method finally adopted, and used in all the experiments reported here, is to mount the muscle at right angles to the direction of flow with an oblong piece of nylon stocking cut to the appropriate size facing the inflow and a piece of stainless steel gauze (100 mesh) on the outflow side of the muscle. This latter also prevents the diaphragm from dosing the outlet.
The outflowing perfusate is diluted by a constant flow of enzyme solution (see below) and the mixture is collected for analysis in 10 ml. beakers on a turntable sample collector operated manually. In this way errors due to the timing of collection are minimized and the perfusate may be sampled at intervals as short as 20 seconds. The flow of enzyme is maintained constant by use of a Cartesian manostat (Manostat Corporation, New York, style No. 8) to provide a constant pressure of about 2 m. water and by placing a fine capillary resistance between the reservoir and the mixing point. The perfusion fluids used are either a bicarbonate-buffered medium (Gey and Gey, 1936) or a phosphate-buffered medium similar in composition to Krebs-Ringer phosphate medium. I The glucose concentration used is 6 mM. Media are equilibrated with a mixture of 95 per cent oxygen and 5 per cent carbon dioxide or 100 per cent oxygen as appropriate.
The outflowing medium is analyzed for glucose by mixture with a solution containing glucose oxidase = (Keilin and Hartree, 1948) at a concentration equivalent to 7.5 to 8.0 units/ml., horse-radish peroxidase (Worthington Biochemical Co. Freehold, New Jersey) 0.08 mg./ml., diaminoethanetetraacetic acid (versene) 10 mM, in 0. '-benzylidenebis (N,Ndimethylaniline) , Eastman Organic Chemicals). For the measurement of uptake or production of other metabolities this enzyme mixture would, of course, be replaced 1 The composition of this medium is as follows:--NaC1, 0.105 M; KC1, 0.003 M; CaCh, 0.00135 ~; MgCh, 0.001 M; MgSO4, 0.0003 ~; Na2HPO4, 0.0097 M; KH,PO,, 0.0024 M.
The cationic composition of this solution more nearly resembles that of the bicarbonate medium of Gey and Gey (1936) than does that of Krebs-Ringer phosphate medium.
= The glucose oxidase used has an activity of 23,000 units per gm. and was a generous gift of Dawe's Fermentation Products, Inc., Newaygo, Michigan, kindly obtained for me through the courtesy of Dr. L. Goldsmith.
by some other solution appropriate for the analysis of the substances under consideration.
The collected samples of the mixture of efltuent from the muscle and enzyme solution are allowed to stand at room temperature for 4 hours and the stoichiometric production of malachite green by this system in the presence of glucose is then measured at 610 m~ using a Hilger uvispek spectrophotometer.
The method was standardized each day by measuring the optical densities of samples collected with the middle disk of the muscle chamber removed but under conditions otherwise identical with those obtaining during the estimation of glucose uptake by the muscle.
Dissection of the diaphragm is performed in the usual fashion and the central portion of the right hemidiaphragm, trimmed of tendon and connective tissue, placed in the chamber. The entire flow system is contained in a box maintained at 38 4-0.5°C. The time from decapitation of the animal to the completion of mounting in the flow system is 6 minutes and samples are rejected for an initial period of 8 minutes which serves to establish a steady-state. At the end of the experiment the mnscle was removed and dried at 110°C. overnight. The dry weights of the tissue samples were about 15 mg. The animals used were male rats of the Wistar strain (Woodlyn Farms, Guelph, Canada) weighing between 100 and 150 gm. They had been deprived of food for 18 hours before being used.
2. Th~ry.--The theoretical aspects of flow systems such as this have been fully treated by earlier workers (Carlson et ~., 1950) . The basic equation used for the calculation of rates of uptake is as follows:-- The rate of flow is determined in accord with two major considerations. V must be sufficiently small that, for values of Q encountered (approximately 0.015 #mole/minute), i/io will be appreciably less than unity. On the other hand, the flow rate must be high enough to provide an adequate supply (and removal) of metabolites other than the one under investigation, particularly oxygen. It will be observed that these two requirements are opposed. The ditficulty of fulfilling both conditions simultaneously is demonstrated by Fig. 3 which shows that, at flow rates just sufficient to prevent anoxia, the decrease in glucose concentration which must be anticipated will not be appreciably greater than 5 per cent.
The flow rate will, of course, also govern the transient response of the system to a step change in the glucose uptake rate of the muscle, the lag time of the metabolimeter being at least equal to v/V in which v is the "dead space" of the system. It is further observed that the higher the rate of flow, the less the tendency for undesirable flow patterns to be established.
3. Performance.--In all the experiments to be described here, the flow rate (V) was fixed at 0.078 ml./min, and the glucose concentration of the medium (Co) was 6 raM. Under these circumstances it was found that the decrease in
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The Effect of Insulin on the Uptake of Glucose by Excised Rat Diaphragm in the Flow Maabolirae~r
The values of glucose uptake used were estimated during the last 5 minutes before insulin and the period from 6.7 to 11.7 minutes after the introduction of insulin into the syringe, and data were drawn from eleven consecutive experiments. Bicarbonate-buffered medium was used. glucose concentration was about 4 per cent rising in the presence of insulin to 6 per cent (see Table I ). A typical experiment is shown in Fig. 4 . It will be observed that nearly all the observed values of i (corresponding to the glucose concentration of the effluent with a muscle in the chamber) lie outside the 95 per cent confidence limits of io (corresponding to the glucose concentration of the effluent under similar conditions but with no muscle in the chamber). On the other hand when from each point a value of Q is calculated, the rates determined in one such experiment will fluctuate widely. The principal cause of the "noise" does not reside in the method of glucose determination but must be traced to random fluctuations in the total amount of glucose delivered during different 20 second periods.
Thus, the value of V is just low enough to permit an observable change in the glucose concentration. A flow rate of 0.078 ml./min, should, according to Fig. 3 , be sutficient to maintain an oxygen tension of about 0.4 atmosphere in the outflowing medium. In fact such a tension is not sufficient to maintain a saturating oxygen concentration in the center of the sheet, but the volume of anoxic tissue is presumed to be relatively small since a marked effect on glucose uptake is obtained on the withdrawal of oxygen (Fig. 8) .
The response time of the system has been measured by substituting a medium which contains 5.7 m_M glucose for the usual medium (6.0 mM glucose)
Concentrations of glucose in outflowing mixture with a musde in the chamber: crosses, pre-insulin; circles, after introduction of insulin 1.0 unit/ml, into the syringe, a is the standard deviation of the twenty standard samples which were collected at 1 minute intervals, without a muscle in the chamber. which has been flowing from the syringe. When this was done, the data of Fig. 5 were obtained.
The dead space of the metabolimeter with the muscle in place is 0.23 ml., and if V = 0.078 ml./min, the theoretical response shouId be a stepwise change occurring at 3.0 minutes. Such a response is indicated in Fig. 5 by the line O A B C D which may be compared with the curve O B D which was found experimentally. The discrepancy between the two curves is caused by two principal factors. First, the cessation of flow for about 20 seconds brings about a decrease in the glucose concentration of the medium leaving the chamber immediately after the resumption of flow which is not related to the decrease brought about deliberately by the change of medium in the syringe.
Second, the existence of channels in the chamber permits the appearance of the 5.7 n~ glucose medium in the outflow before the 3.0 minutes calculated for an ideal system.
The first factor may be corrected for by subtraction of an area corresponding to the amount of glucose consumed by the diaphragm in 
TIME ~min.)
FIo. 5. Response of system to a stepwise change in glucose concentration and to insulin: circles, the response to a 5 per cent decrease of glucose concentration in the inflowing medium; crosses, unweighted means of the responses to insulin in bicarbonate media and phosphate media (cf. Fig. 7 ). therefore the amount of new medium in the chamber at 3 minutes would be only about 80 per cent of the final value. If similar considerations apply when medium containing insulin (1.0 i.u./ml.) is introduced into the syringe, then at that time the average concentration would be only 0.8 i.u./ml. (under extreme conditions this could mean that the insulin concentration was 1.0 i.u./ml, over 80 per cent of the surface of the muscle, the remaining 20 per cent of the surface being unexposed to insulin).
It should further be noted that at 7 minutes the sum of the areas O B C X and B C D equals about 97 per cent of the area O A C X, which suggests that the replacement of the contents of the chamber is nearly complete at this time although there may be some small part of the dead space which must be filled very slowly indeed. It should be pointed out, however, that it is quite difficult to determine the dead space accurately and that over and above the 0.23 ml. estimated above one must add a space of about 0. T:.E (mi..) FIG. 6 . The effect of insulin on the uptake of glucose from bicarbonate-buffered medium (Gey and Gey, 1936) , by rat diaphragm in the flow metabolimeter. In the pre-insulin period the points are the means from twenty-six experiments, and in the second portion of the curves each point is the mean of thirteen experiments, the limits indicating the standard errors.
of diffusive interchange of glucose in the extracellular space would be about 7 minutes after the completion of the exchange of medium in the chamber.
Kinetics of the Insulin Effect
The time-course of the acceleration of the rate of uptake of glucose by the diaphragm preparation subsequent to the introduction of insulin (crystalline porcine, 1.0 unit/ml.) into the syringe is shown clearly in Figs. 6 and 7. In Fig. 6 a control group of an equal number of experiments is presented. This demonstrates that the mere act of replacing the contents of the syringe brings about an apparent increase in the rate of glucose uptake during the first 4 minutes following the manipulations. This is presumably due to the 20 second interruption of flow which occurs. In this period, glucose will be taken up from the stationary medium, and this will result in a lowered concentration of glucose in the effluent during the flow lag period (see previous section) T IME(mi..) FIG. 7 . The effect of insulin in a bicarbonate/carbon dioxide-buffered perfusion fluid and in a phosphate-buffered medium I of similar cationic composition. The points are the means of thirteen experiments in the former case and seventeen in the latter: crosses, phosphate-buffered medium; circles, bicaxbonate-buffered medium.
whilst the contents of the muscle chamber are renewed. However, after this period, the apparent rate of glucose uptake returns to the value established before the interruption of flow and remains rather constant. On the other hand, after the introduction of medium containing insulin into the syringe the rate rises over a period of some 10 or 11 minutes, S to a value about 50 per cent higher than that established earlier in the same experiment in insulin-free 3 It is not obvious from Figs. 6 and 7 that a steady state of glucose uptake has been completely attained by the end of these experiments. Unpublished data obtained with a different type of flow system suggest that in fact the effect of insulin is maximal at 10 to 12 minutes. medium. The absolute values of the rates are not accurately determined in this type of experiment but the technique does receive some measure of validation from the fact that the mean values observed, i.e. 1.1 ~moles/gm. dry wt./min, rising to 1.9 ~moles/gm. dry wt./min, in the presence of insulin, are within the range of values observed by other workers using the conventional technique (of. table 3 of Ross (1956) ). Fig. 7 shows that the effect of insulin is markedly less in a phosphate-buffered medium than in a medium of similar cationic composition buffered by bicarbonate/carbon dioxide.
During the time which elapses from the introduction of insulin into the syringe to the completion of its effect on glucose uptake by the diaphragm, three processes occur. In order to detect any true time lag in the exertion of the effect of insulin on the muscle cell and to determine its duration, the observed delay in the effect of insulin must be corrected by the subtraction of the flow lag (see Fig. 5 ) and the time which it takes for insulin to diffuse into the interspaces of the diaphragm. The duration of the flow lag is considered in the previous section and a calculation of the interspace diffusion time is given in the Appendix. In practice, however, even if these two latter values are accurately known the correction of the observed delay is not easily made. The three processes are occurring partly in series and partly in parallel so that the third process, the exertion by insulin of its characteristic effect will be started before the first process, the refilling of the chamber, is complete. However, it is possible to arrive at some tentative conclusions as to upper and lower limits for any true induction phase of insulin action.
The argument is based on the finding that, in this system, the acceleration by insulin of the uptake of glucose is 80 per cent complete between 6 and 8 minutes after the introduction of insulin into the syringe, ({°)4
i.e. 6 < t~o (observed) < 8. 5
The process of flow replacement followed by intercellular diffusion will be 80 per cent complete at some time after to', greater than 80 per cent of the flow lag (3 minutes, cf. the discussion of Fig. 5 ), and less than this time for 80 per cent replacement of the dead space plus the time to reach a maximally effective concentration at the center of the sheet (2 minutes, see Appendix)
i.e. 3 < t'so (calculated) < 5.
4 Values of t' are referred to t I = 0 at the time of exchange of the contents of the syringe, whereas values of t are referred to t = 0, the time at which the insulin content of the medium in contact with a given point on the surface is abruptly raised from zero to 1.0 unit/ml. The subscripts refer to the fraction of the effect of insulin which is completed at that time.
I 6 The value of ts0 is obtained by inspection of Figs. 5, 6 , and 7. The curves on these figures are fitted by eye and are, therefore, liable to subjective error, particularly in view of the scattered nature of the data. ! Therefore, 1 < [1~0 (observed) --tso (calculated)] < 5, i.e. it appears that the effect of insulin on the glucose uptake of diaphragm takes between 1 and 5 minutes longer to reach eight-tenths completion than the time calculated on the basis that the effect at any one point is simultaneous with the arrival of insulin at that point.
From the nature of the calculation, such a delay in the exertion of the full effect of insulin over and above the time required for insulin to reach maxi- Fic. 8. Effect of anaerobiosis on the uptake of glucose from bicarbonate medium by rat diaphragm. The limits indicate standard errors.
mally effective concentration at all parts of the tissue cannot be ascribed to a slow binding of insulin to the fibres. Such a process would be equivalent to a decrease in the apparent diffusion constant of insulin, but such a decrease is not seen in the diffusion constant calculated from the data of Fig. 9. 8 8 The data of Stadie, Haugaard, and Vaughan (1952) refer to "bound" insulin whereas our calculations refer to insulin free within the interspaces. At any given time, the amount of insulin bound at that time expressed as a fraction of the insulin bound at t = Go will be lower than the ratio of free insulin at that time to the total insulin free in the interstitial space at t = oo. Subsequent calculations from Fig. 9 will therefore tend to underestimate the value of D'.
Observed Kinaics of the Effea of Anaerobiosis
In the absence of oxygen, the glucose uptake of the excised diaphragm preparation is increased as compared to aerobic controls (Randle, 1956 ). The effect is not observed in phosphate-buffered media. Anaerobiosis may be rapidly established in the flow metabolimeter, the oxygenated medium in the syringe being replaced by buffer equilibrated with 95 Stadie, Haugaard, and Vaughau (1952) replotted in semilogarithmic form. The intercept of the extrapolated linear portion with the ordinate should be 0.19 if the diffusion equation were followed. are shown in Fig. 8 . It will be seen that there is apparently no induction phase. The problem of diffusive interchange does not exist in this case, for oxygen will be consumed by the preparation, in fact, it may be presumed that anaerobiosis is approached during the interruption of flow while deoxygenated buffer is introduced into the syringe. Any delay in the effect of anoxia on the glucose uptake of diaphragm is so brief as to be undetectable in this system. It is not known whether the subsequent decrease in glucose uptake rate which appears in Fig. 8 is significant.
Significance of the Observations
It must be emphasized that, in view of the many uncertainties involved in the calculations and of the rather scattered nature of the data which can at present be obtained, the existence of an induction phase in the effect of insulin on the diaphragm preparation must be regarded as indicated rather than established. Certainly, the data do not exclude such an effect, but additional data are required to provide confirmation of its reality. Such data should include the demonstration of an effect of temperature on the delay, and the use of an apparatus in which the nature of the inflowing medium could be changed without a 20 second interruption, thus permitting the observation of the very early phases of the insulin effect. Experiments to test these points are planned.
Even if the results presented here are suggestive of the existence of an induction phase in the action of insulin, they provide no information about the nature, or the time-course of the transient processes involved. These processes could be the intermolecular rearrangements in the cell boundary suggested by Krahl (1957) . On the other hand, no delay is observed in the effect of anaerobiosis, which may be presumed to change the uptake of glucose subsequent to a change in metabolic pattern. The findings presented here are not, therefore, in any sense decisive with respect to current theories of insulin action. However, the investigation of pre-steady-state phenomena has been of such great value in the study of the mechanism of enzyme action that it seems reasonable to suggest that, by analogy, an understanding of the phenomena occurring during any lag phase of insulin action will be of equal value in the criticism of hypotheses about the mechanism of action of this hormone. It should perhaps be noted that if the induction process is exponentially related to time and is 90 per cent complete in 2 minutes, then the half-life of the process will be about 40 seconds. The investigation of the process will therefore continue to demand the development of new techniques, though with considerably better time resolution than that reported here, I am greatly indebted to Dr. Charles H. Best and to Dr. G. A. Wrenshall for their constant encouragement and to many others for helpful discussion and criticism, but most particularly to Dr. C. M. ConneUy of The Rockefeller Institute, New York. I also wish to acknowledge the contributions of Mr. Campbell Cowan, Mr. F. Nobes, and Mr. K. Freund to the design and construction of the flow system, and particularly, the skilful technical assistance of Mrs. Christine Goodridge.
APPENDIX
Diffusion of Insulin into the Intercellular Space
The kinetic equation for diffusion into a plane sheet is given by Crank (1956) in which, in the case under consideration, 61 is the constant concentration of insulin at the surfaces of the sheet, reached suddenly at time t -O, c is the concentration at a distance x from the center of the sheet, the thickness of which is 2l, and D' is the apparent diffusion constant of insulin in the interspaces. Graphical solutions of this equation are available (Hill, 1928-29; Crank, 1956 ) by means of which it is possible to calculate the time after exposure of the surface at which a maximally effective concentration of insulin will be reached at any given depth from the surface. Two principal questions arise. First, what is this maximally effective concentration? second, what value should be used for the diffusion constant of insulin in the interspaces of the diaphragm? The former question cannot be answered unequivocally except on the basis of a direct experimental determination of the dose/response relationship under the conditions imposed in the flow metabolimeter. Such a determination would be very dilficult and has not been attempted. Values in the literature are rather scattered but for the purposes of calculations to follow, we have adopted a figure of 0.01 unit/ml, in accordance with Vallance-Owen and Hurlock (1954) .
The diffusion constant (D) of the insulin tetramer (molecular weight 48,000) at 20°C. is 7 × 10 -7 cm.~/sec. (Gutfreund, 1948) . Under the conditions of our experiments insulin may be presumed to exist as the monomer and its diffusion constant at 38°C. will be approximately 16.7 × 10-7 cm.~/sec. The apparent diffusion constant of inulin in diaphragm is reduced to a value between one-third and one-sixth of that found in free solution (Creese, 1954) . This effect may be attributed to the fact that because of the tortuous nature of the channels available between the fibres, the length of the diffusion path is greater than that inferred from measurements of the thickness. A similar reduction in the diffusion constant of insulin suggests that D' would be between 5.6 × 10-7 and 2.8 × 10 -7 cm.~/sec.
It is possible to estimate the apparent diffusion constant of insulin more directly from the data of Stadie, Haugaard, and Vaughan (1952) on the uptake of isotopically labelled insulin by diaphragm, t If their data are replotted as in Fig. 9 it is possible to calculate the value of D' in two ways (Creese, 1954) . The slope of the linear portion ~D' of the curve, multiplied by 2.303, gives -~-. From the measured slope of the semilogarithmic plot this expression has a value of 0.09 min_ 1 and using a value of l = 0.03 cm. (Creese, 1954) we find D' = 5.4 × 10 -7 cm.2/sec. At the time for half-completion D't of the uptake, -g-= 0.2, from the observed value of tt (5.3 minutes) we calculate D' ---5.7 × 10-7 cm.2/sec. These calculations suggest that D' will be nearer the higher limit estimated indirectly. In this case the concentration of insulin will be 0.01 unit/ml. at the center of the sheet (and therefore higher at all points nearer the surface) at approximately 2 minutes after the insulin concentration is raised to 1.0 unit/ml, at the surface. The use of a value of D' = 2.8 × 10 -7 cm.~/sec, will give a diffusion time twice as long; i.e., 4 minutes as will an adoption of 0.1 unit/ml, as the maximally effective concentration of insulin.
The foregoing calculations apply only to free intercellular diffusion and assume that it is not necessary for insulin to cross any diffusion barriers such as the cell membrane in order to reach its site of action. Krahi (1957) has pointed out that if insulin does enter the mnsde cell, the entrance cannot be a simple diffusion process.
